One sentence summary: Simultaneous stimulation of RuBP regeneration and electron transport results in improvements in biomass yield in glasshouse and field grown tobacco.
Abstract
Previous studies have demonstrated that independent stimulation of either electron transport or RuBP regeneration can increase the rate of photosynthetic carbon assimilation and plant biomass. In this paper, we present evidence that a multi-gene approach to simultaneously manipulate these two processes provides a further stimulation of photosynthesis. We report on the introduction of the cyanobacterial bifunctional enzyme fructose-1,6bisphosphatase/sedoheptulose-1,7-bisphosphatase or overexpression of the plant enzyme sedoheptulose-1,7-bisphosphatase, together with expression of the red algal protein cytochrome c6, and show that a further increase in biomass accumulation under both glasshouse and field conditions can be achieved. Furthermore, we provide evidence that the simultaneous stimulation of electron transport and RuBP regeneration can lead to enhanced intrinsic water use efficiency under field conditions. Keywords: SBPase; FBP/SBPase; Calvin-Benson cycle; cytochrome c6; chlorophyll fluorescence imaging; transgenic; electron transport; biomass; water use efficiency.
Yield potential of seed crops grown under optimal management practices, and in the absence of biotic and abiotic stress, is determined by incident solar radiation over the growing season, the efficiency of light interception, energy conversion efficiency and partitioning or harvest index. The "harvest index" is the amount of total energy partitioned into the harvestable portion of the crop, whilst the "conversion efficiency" is the ratio of biomass energy produced over a given period divided by light energy intercepted by the canopy over the same period 1 .
For the major crops, the only component not close to the theoretical maximum is energy conversion efficiency, which is determined by gross canopy photosynthesis minus respiration.
This highlights photosynthesis as a target for improvement to raise yield potential in major seed crops 1 .
Transgenic experiments and modelling studies have provided compelling evidence that increasing the levels of photosynthetic enzymes in the Calvin Benson (CB) cycle has the potential to impact photosynthetic rate and yield [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Early experimental evidence illustrated that even small reductions in the CB enzymes sedoheptulose-1,7-bisphosphatase (SBPase [15] [16] [17] ), fructose-1,6-bisphophate aldolase (FBPA 18, 19 ) and the chloroplastic fructose-1,6bisphosphatase (FBPase [20] [21] [22] ) negatively impact on carbon assimilation and plant growth. These studies indicated that these enzymes exercise significant control over photosynthetic efficiency, suggesting that improvements in photosynthetic carbon fixation may be achieved and maintained through manipulation of CB cycle enzymes 11, 23 . These results also demonstrated that, although some enzymes exert more control over the CB cycle than others, there is no single limiting step in photosynthetic carbon assimilation. Over the last two decades a number of transgenic studies have supported this. Over-expression of SBPase in tobacco 3,5,6 , Arabidopsis 7 , tomato 13 and wheat 24 has demonstrated the potential of manipulating the expression of CB cycle enzymes and specifically the regeneration of RuBP to increase growth, biomass (30-42%) and even seed yield (10-53%) . Similarly, overexpression of other enzymes including FBPA 12 , cyanobacterial SBPase, FBPase 25 and the bifunctional fructose-1,6bisphosphatases/sedoheptulose-1,7-bisphosphatase (FBP/SBPase 2, 26, 27 ) in a range of species including tobacco, lettuce and soybean has shown that increasing photosynthesis increases yield, reinforcing the original hypothesis that manipulating the activity of the CB cycle enzymes can be used to increase productivity.
In addition to manipulation of CB cycle genes, increasing photosynthetic electron transport has also been shown to have a beneficial effect on plant growth. Overexpression of the Rieske FeS protein -a key component of the cytochrome b6f complex-in Arabidopsis, has previously been shown to lead to increases in electron transport rates, CO2 assimilation, biomass and seed yield 28 . Similarly, the introduction of the algal cytochrome c6 protein into Arabidopsis and tobacco 29, 30 resulted in increased growth. In these transgenic plants, electron transport rate was increased along with ATP, NADPH, chlorophyll, starch content, and capacity for CO2 assimilation. Higher plants have been proposed to have lost the cytochrome c6 protein through evolution, but in green algae and cyanobacteria, which have genes for both cytochrome c6 and plastocyanin (PC), cytochrome c6 has been shown to replace PC as the electron transporter connecting the cytochrome b6/f complex with PSI under Cu deficiency conditions 31, 32 . There is evidence showing that PC can limit electron transfer between cytochrome b6f complex and PSI 33 , and in Arabidopsis, it has been shown that introduced algal cytochrome c6 is a more efficient electron donor to P700 than PC 29 . This evidence suggests the introduction of the cytochrome c6 protein in higher plants as a viable strategy for improving photosynthesis.
Previous research has shown that taking a multi-gene approach to increase the levels of more than one enzyme or protein simultaneously can result in a cumulative increase in photosynthesis and biomass yield 6, 7, 34 . Building on this approach, the work in this paper aims to test the hypothesis that combining an increase in the activity of a CB cycle enzyme, specifically enhancing RuBP regeneration, together with stimulation of the electron transport chain can boost photosynthesis and yield above that observed when these processes are targeted individually. To test this hypothesis Nicotiana tabacum plants expressing the cyanobacterial FBP/SBPase or the higher plant SBPase, and the algal cytochrome c6 were generated in two different tobacco cultivars. The analysis presented here demonstrates that the simultaneous stimulation of electron transport and RuBP regeneration leads to a significant increase in photosynthetic carbon assimilation, and results in increased biomass and yield under both glasshouse and field conditions. (15, 47, 50) to generate four independent SBC6 lines: SBC1 (SB06xC47), SBC2 (SB06xC50), SBC3 (SB44xC47) and SBC6 (SB21xC15). Semiquantitative RT-PCR was used to detect the presence of the FBP/SBPase transcript in lines SB and SBC6, cytochrome c6 in lines C6, SBC6 and SC6, and SBPase in lines S and SC6 ( Fig. 1a) .
RESULTS

Production and Selection of Tobacco Transformants
We analysed total extractable FBPase activity in the leaves of the cv. Petite Havana T2/T3 & F3 homozygous progeny lines used to determine chlorophyll fluorescence and photosynthetic parameters. This analysis showed that these plants (SB and SBC6) had increased levels of FBPase activity ranging from 34 to 47% more than the control plants ( Fig. 1b) . The S and SC6 lines were from the same generation of transgenic plants used in a previous study and shown to have increased SBPase activity 6 .
Chlorophyll fluorescence analysis confirmed that in young plants, the operating efficiency of photosystem two (PSII) photochemistry Fq'/Fm' at an irradiance of 600-650 µmol m -2 s -1 was significantly higher in all selected lines compared to either WT or null segregant controls ( Fig. 1c, d) . However, the Fq'/Fm' values of the SBC6 and SC6 lines, were not significantly different from the Fq'/Fm' values obtained from the plants expressing individually FBP/SBPase (SB), cytochrome c6 (C6) or SBPase (S).
Stimulation of electron transport and RuBP regeneration increases photosynthetic performance in two distinct tobacco varieties under glasshouse conditions
Transgenic lines selected based on the initial screens described above were grown in the glasshouse, in natural light supplemented to provide illumination between 400-1000 µmol m -2 s -1 . The rate of net CO2 assimilation (A) and Fq'/Fm' was determined as a function of internal CO2 concentration (Ci), in mature and developing leaves of N. tabacum cv. Samsun (S and SC6) and in mature leaves of N. tabacum cv. Petit Havana (SB, C6 and SBC6) ( Fig. 2a) . The transgenic lines displayed greater CO2 assimilation rates than that of the control (CN) plants.
A was 15% higher than the controls in the mature leaves of the SC6, at a Ci of approximately 300 µmol mol -1 (equivalent to current atmospheric [CO2]) ( Fig. 2b) . The developing leaves of the SC6 plants also showed significant increases in PSII operating efficiency (Fq'/Fm') and in the PSII efficiency factor (Fq'/Fv'; which is determined by the ability of the photosynthetic apparatus to maintain QA in the oxidized state and therefore a measure of photochemical quenching) when compared to control plants ( Fig. 2c) . Interestingly, in mature leaves of the cv. Samsun transgenic plants, the differences in assimilation rates and in the operating efficiency of PSII photochemistry between the transgenic and the CN plants were smaller than in the developing leaves. Only the S transgenic plants displayed a higher average value for
Fq'/Fm' and Fq'/Fv' than the CN plants at all CO2 concentrations measured. In contrast, the mature leaves of SC6 plants displayed Fq'/Fv' values higher than the control only at Ci levels between 300 and 900 µmol mol -1 (Fig. 2b) .
Similar trends were shown for the N. tabacum cv. Petit Havana transgenic plants, which displayed higher average values of A, Fq'/Fm' and Fq'/Fv' than the CN ( Fig. 2a) . In the leaves of the SBC6 plants (cv. Petit Havana) these significant increases were similar to the developing leaves of the SC6 lines (cv. Samsun).
The developing leaves of both the S and SC6 plants (cv. Samsun) showed a significant increase in Jmax and Amax when compared the control plants ( Table 1 ). The mature leaves of the SC6 transgenics also displayed a significantly higher Vcmax, Jmax and Amax than the CN. In contrast, the leaves of the SBC6 plants (cv. Petite Havana) only had significant increases in Amax, although higher average values for Vcmax, and Jmax were evident. These results showed that simultaneous stimulation of electron transport and RuBP regeneration by expression of cytochrome c6 in combination with FBP/SBPase or SBPase has a greater impact on photosynthesis than the single manipulations in all plants analysed.
Stimulation of electron transport and RuBP regeneration stimulates growth in two distinct tobacco varieties under glasshouse conditions
In parallel experiments, plants expressing FBP/SBPase (SB), cytochrome c6 (C6) and both (SBC6) (N. tabacum cv. Petite Havana) and plants expressing SBPase (S) and SBPase + cytochrome c6 (SC6) (N. tabacum cv. Samsun) were grown in the glasshouse for four and six weeks respectively before harvesting. Height, leaf number, total leaf area and above ground biomass were determined (Fig 3) . All of the transgenic plants analysed here displayed increased height when compared to CN plants. Plants expressing cytochrome c6 (C6, SBC6, (cv.
Petite Havana) and SC6 (cv. Samsun)) had a significant increase in leaf area and in biomass compared to their respective controls. Notably the SBC6 and SC6 transgenics displayed significantly greater leaf area than the single SB and S transgenic plants respectively. The total increase in above ground biomass when compared to CN group was 35% in SB, 44% in C6 and 9% in S, with consistently higher means in the double manipulations SBC6 (52%) and SC6 (32%).
Simultaneous expression of FBP/SBPase and cytochrome c6 increases growth and water use efficiency under field conditions.
To test whether the increases in biomass observed in these transgenic plants under glasshouse conditions could be reproduced in a field environment, a subset of lines was selected for testing in the field. Since the larger percentage increases in biomass were displayed by the manipulations in N. tabacum cv. Petit Havana, these plants were selected and tested in three field experiments in two different years (2016 and 2017).
In 2016, a small-scale replicated control experiment was carried out to evaluate vegetative growth in the field, in the lines expressing single gene constructs for FBP/SBPase (SB) and cytochrome c6 (C6). Plants were germinated and grown under controlled environment conditions for 25 d before being moved to the field. After 14 d in the field, plants were harvested at an early vegetative stage and plant height, total leaf area and above ground biomass were measured (Fig 4a) . These data revealed that the SB and C6 plants showed an increase in height, leaf area and above ground biomass of 27%, 35% and 25% respectively for SB and 50%, 41% and 36% respectively for C6 when compared to CN plants.
In 2017, two larger scale, randomized block design field experiments were carried out to evaluate performance in the SB, C6 and SBC6 plants compared to CN plants. Plants were grown from seed in the glasshouse for 33 d, and then moved to the field and allowed to grow until the onset of flowering (further 24-33 d), before harvesting. In Fig 4b, c it can be seen that the SB and C6 plants harvested after the onset of flowering did not display any significant increases in height, leaf area or biomass. Interestingly, plants expressing both FBP/SBPase and cytochrome c6 (SBC6), displayed a significant increase in a number of growth parameters; with 13%, 17% and 27% increases in height, leaf area and above ground biomass respectively when compared to controls.
Additionally, in the 2017 field experiments A as a function of Ci at saturating light (A/Ci) was determined. In the 2017 experiment 1 (Exp.1) a significant increase in A was observed in SB and C6 plants without differences in PSII operating efficiency (Fq'/Fm') ( Fig.   5a ). However, in the 2017 experiment 2 (Exp.2), no differences in A or in Fq'/Fm' values were evident in the C6 and SBC6 plants when compared to the CN plants ( Fig. 5b) . Analysis of A as a function of light (A/Q) showed either small or no significant differences in A between genotypes ( Fig. 6a) . Interestingly, gs in the SBC6 plants were significantly lower than C6 and CN plants at light intensities above 1000 mol m -2 s -1 (Fig 6b) , which resulted in a significant increase in intrinsic water use efficiency (iWUE) for SBC6 plants (Fig 6d) . No significant differences in iWUE were observed for SB or C6 transgenic plants.
DISCUSSION
In this study, we describe the generation and analysis of transgenic plants with simultaneous increases in electron transport and improved capacity for RuBP regeneration, in 14 and 12% respectively. These results indicated that not only was the maximal rate of electron transport and RuBP regeneration increased, but the rate of carboxylation by Rubisco was also increased. Although this may seem counterintuitive in that we have not targeted directly Rubisco activity, it is in keeping with a study by Wullschleger 35 of over 100 plant species that showed a linear correlation between Jmax and Vcmax. Furthermore, it has also been shown previously that overexpression of SBPase leads not only to a significant increase in Jmax but that an increase in Vcmax and Rubisco activation state 3, 6 .
Notably, in the greenhouse study, the highest photosynthetic rates were obtained from the leaves of plants in which both electron transport and RuBP regeneration (SBC6 and SC6) were boosted, suggesting that the co-expression of these genes results in an additive effect on improving photosynthesis. In addition to the increases in A, the plants with simultaneous stimulation of electron transport and RuBP regeneration displayed a significant increase in Fq'/Fm', indicating a higher quantum yield of linear electron flux through PSII compared to the control plants. These results are in keeping with the published data for the introduction of cytochrome c6 and the overexpression of the Rieske FeS protein in Arabidopsis 28, 29 . In both of these studies the plants had a higher quantum yield of PSII and a more oxidised plastoquinone pool 29 , suggesting that, although PC is not always limiting under all growth conditions 36 , there is scope to stimulate reduction of PSI by using alternative, more efficient electron donors to PSI 29, 33 . Furthermore, in the SBC6 and SC6 plants the increase in Fq'/Fm' was found to be largely driven by the increase in the PSII efficiency factor (Fq'/Fv'). This suggests that the increase in efficiency in these plants is likely due to stimulation of processes down stream of PSII such as CO2 assimilation.
To provide further evidence of the applicability of targeting both electron transport and RuBP regeneration to improve crop yields, we tested these plants in the field. Here we showed spinach and tender greens) 26 . In contrast with the results with the single manipulations described above, plants simultaneously expressing both cytochrome c6 and FBP/SBPase displayed a consistent increase in biomass after flowering under field conditions.
In the transgenic lines grown in the field, the correlation between increases in photosynthesis and increased biomass were less consistent than that observed under glasshouse conditions. The significant increases in photosynthetic capacity displayed by the FBP/SBPase and cytochrome c6 expressors in 2017 Exp. 1, provided clear evidence that these individual manipulations are able to significantly stimulate photosynthetic performance under field conditions. However, no increase in biomass was evident in these plants. In contrast in the 2017
Exp. 2 we did not detect any significant differences in photosynthetic capacity in either the cytochrome c6 expressors or the plants with simultaneous expression of FBP/SBPase + cytochrome c6, but increased biomass was evident. At this point we have no explanation for this disparity. However, although not significantly different, in all experiments, the mean A values of the transgenic plants were consistently higher than those of the controls. It is known that even small increases in assimilation throughout the lifetime of a plant will have a cumulative effect, which could translate into a significant biomass accumulation 6 , this may in part explain the disparity with the biomass results presented.
An unexpected result that was found only in the plants with simultaneous expression of FBP/SBPase + cytochrome c6 (SBC6), was that they had a lower gs and lower Ci concentration at light intensities above 1000 mol m -2 s -1 , when compared to control plants. Normally lower
Ci would be expected to lead to a reduction in photosynthesis but, interestingly, these plants were able to maintain CO2 assimilation rates equal to or higher than control plants resulting in an improvement in iWUE. A similar improvement in iWUE was seen in plants overexpressing the NPQ related protein, PsbS 38 . It was shown that light-induced stomatal opening was reduced in these plants which had a more oxidized QA pool, which has been proposed to act as a signal in stomatal movement 39 . Our results provide further support for the proposal that the increased capacity for photosynthesis in the SBC6 plants is compensating for the reduction in Ci. This higher iWUE and the fact that a higher productivity than controls has been reported in field studies for transgenic lines with increased RuBP regeneration grown under CO2 enrichment 5, 26 , highlight the potential of manipulating electron transport and RUBP regeneration in the development of new varieties able to sustain photosynthesis and yields under climate change scenarios.
MATERIALS AND METHODS
Generation of constructs and transgenic plants
Constructs were generated using Golden Gate cloning 40, 41 or Gateway cloning technology 42 promoter; B2-C6 in the vector pGWB2 42 . The recombinant plasmid B2-C6, was introduced into SBPase over-expressing tobacco cv. Samsun 3 using Agrobacterium tumefaciens AGL1 via leaf-disc transformation 45 . Primary transformants (39) (T0 generation) were regenerated on MS medium containing kanamycin (100mg L -1 ), hygromycin (30 mg L -1 ) and augmentin (500 mg L -1 ). Plants expressing the integrated transgenes were screened using RT-PCR (data not shown).
In a similar fashion, the recombinant plasmids EC23083, and EC23028 were introduced into wild type tobacco (Nicotiana tabacum) cv Petit Havana, using A. tumefaciens strain LBA4404 via leaf-disc transformation 45 , and shoots were regenerated on MS medium containing, hygromycin (20 mg L -1 ) and cefotaxime (400 mg L -1 ). Hygromycin resistant primary transformants (T0 generation) with established root systems were transferred to soil and allowed to self-fertilize.
Between twelve and 60 independent lines were generated per construct and 3-4 lines were taken forward for full analysis. Control (CN) plants used in this study were a combined group of WT and null segregants from the transgenic lines, verified by PCR for non-integration of the transgene.
Plant Growth
Controlled conditions
Wild-type tobacco plants and T1 progeny resulting from self-fertilization of transgenic plants were grown to seed in soil (Levington F2, Fisons, Ipswich, UK). Lines of interest were identified by qPCR. For the experiments in the Samsun cv. the null segregants were selected from transformed lines. For Petit Havana, the null segregants were selected from the SBC6 lines. The field was prepared in a similar fashion each year as described in Kromdijk et al. 47 .
Light intensity (LI-quantum sensor; LI-COR) and air temperature (Model 109 temperature probe; Campbell ScientificInc, Logan, UT) were measured nearby on the same field site, and half-hourly averages were logged using a data logger (CR1000; Campbell Scientific).
cDNA generation and RT-PCR
Total RNA was extracted from tobacco leaf disks (sampled from glasshouse grown Table 2 .
Determination of FBPase Activity by Phosphate Release
FBPase activity was determined by phosphate release as described previously for SBPase with minor modifications 6 . Leaf discs were isolated from the same leaves and frozen in liquid nitrogen after photosynthesis measurements were completed. Leaf discs were ground to a fine powder in liquid nitrogen and immersed in extraction buffer (50 mM HEPES, pH8.2; 5 mM MgCl; 1 mM EDTA; 1 mM EGTA; 10% glycerol; 0.1% Triton X-100; 2 mM benzamidine; 2 mM aminocapronic acid; 0.5 mM phenylmethylsulfonylfluoride; 10 mM dithiothreitol), centrifuged 1 min at 14,000 xg, 4C. The resulting supernatant (1 ml) was desalted through an NAP-10 column (Amersham) and stored in liquid nitrogen. The assay was carried out as descried in Simkin et al. 6 . In brief, 20 l of extract was added to 80 l of assay buffer (50 mM Tris, pH 8.2; 15 mM MgCl2; 1.5 mM EDTA; 10 mM DTT; 7.5 mM fructose-1,6-bisphosphate) and incubated at 25 C for 30 min. The reaction was stopped by the addition of 50 µl of 1 M perchloric acid. 30 µl of samples or standards (PO 3-4 0.125 to 4 nmol) were incubated 30 min at room temperature following the addition of 300 µl of Biomol Green (Affiniti Research Products, Exeter, UK) and the A620 was measured using a microplate reader (VERSAmax, Molecular Devices, Sunnyvale, CA). Activities were normalized to transketolase activity 49 . 
Chlorophyll fluorescence imaging screening in seedlings
Leaf Gas Exchange
Photosynthetic gas-exchange and chlorophyll fluorescence parameters were recorded using a portable infrared gas analyser (LI-COR 6400; LI-COR, Lincoln, NE, USA) with a 6400-40 fluorometer head unit. Unless stated otherwise, all measurements were taken with LI-COR 6400 cuvette. For plants grown in the glasshouse conditions were maintained at a CO2 concentration, leaf temperature and vapour pressure deficit (VPD) of 400 µmol mol -1 , 25 o C and 1 ± 0.2 kPa respectively. The chamber conditions for plants grown under field conditions had a CO2 concentration of 400 µmol mol -1 , block temperature was set to 2 o C above ambient temperature (ambient air temperature was measure before each curve) and VPD was maintained as close to 1 kPa as feasible possible.
A/Ci response curves (Photosynthetic capacity)
The response of net photosynthesis (A) to intracellular CO2 concentration (Ci) was measured at a saturating light intensity of 2000 µmol mol -2 s -1 . Illumination was provided by a red-blue light source attached to the leaf cuvette. Measurements of A were started at ambient CO2 concentration (Ca) of 400 µmol mol -1 , before Ca was decreased step-wise to a lowest concentration of 50 µmol mol -1 and then increased step-wise to an upper concentration of 2000 µmol mol -1 . To calculate the maximum saturated CO2 assimilation rate (Amax), maximum carboxylation rate (Vcmax) and maximum electron transport flow (Jmax), the C3 photosynthesis model 55 was fitted to the A/Ci data using a spreadsheet provided by Sharkey et al. 56 .
Additionally, chlorophyll fluorescence parameters including PSII operating efficiency (Fq'/Fm') and the coefficient of photochemical quenching (qP), mathematically identical to the PSII efficiency factor (Fq'/Fv') were recorded at each point. 
A/Q response curves
Statistical Analysis
All statistical analyses were done using Sys-stat, University of Essex, UK, and R (https://www.r-project.org/). For harvest data, seedling chlorophyll imaging and enzyme activities, analysis of variance and Post hoc Tukey test were done. For gas exchange curves, data were compared by linear mixed model analysis using lmer function and type III anova 57 .
Significant differences between manipulations were identified using contrasts analysis (lsmeans package). 
Figure Legends
